Abstract: High affinity copper binding to mitogen-activated protein kinase kinase 1 (MAP2K1, also known as MEK1) allosterically promotes the kinase activity of MEK1/2 on extracellular signal regulated kinases 1 and 2 (ERK1/2). Consequently, copper-dependent activation of the mitogen-activated (MAP) kinase pathway has a role in promoting tumor growth. Conversely, copper chelation may represent a possible therapeutic approach for a specific subset of tumors characterized by activating mutations in the serine/threonine protein kinase V-Raf Murine Sarcoma Viral Oncogene Homolog B1 (BRAF), such as the V600E, occurring within the kinase domain (BRAF V600E ). Tetrathiomolybdate (TM) is a specific copper chelating agent currently used for the treatment of Wilson's disease and in preclinical studies for the management of metastatic cancers owing to its anti-angiogenic and anti-inflammatory properties. We evaluated in vitro and in vivo the effects of copper depletion achieved by pharmacological treatment with TM in human colorectal cells bearing the BRAF V600E mutation in comparison with BRAF wild type cells. We provide evidence that selective copper chelation differentially affects proliferation, survival and migration of colon cancer cells bearing the BRAF V600E mutation compared to BRAF wt acting via differential phosphorylation levels of ERK1/2. Moreover, tetrathiomolybdate treatment was also effective in reducing the clonogenic potential of colon cancer BRAF V600E cells resistant to BRAF pharmacological inhibition. In conclusion, these results support further assessment of copper chelation therapy as an adjuvant therapy for inhibiting the progression of colon cancers containing the BRAF V600E mutation.
Introduction
Colorectal cancer is one of the most common cancers and a leading cause of cancer-associated death. The relative survival rate 5-year following diagnosis is 65%, but it drops to 13% once the disease has spread [1] . A specific subset of colorectal cancer characterized by poor survival, prevalence in women in advanced age, location in the proximal colon, and microsatellite instability, is represented by the tumors bearing a mutation in the serine/threonine protein kinase V-Raf Murine Sarcoma Viral Oncogene Homolog B1 (BRAF) [2] . In particular, approximately 80%-90% of all BRAF mutations observed in colon cancer patients are represented by the missense mutation 1799T>A within the kinase domain of BRAF were treated with TM (dose range 1-100 µM). After 24 hours the WST-1 cell proliferation assay was performed. Results are reported as means ± S.D. of three independent experiments. (b) TM treatment affects clonogenic ability of BRAF V600E colon cancer cells. Long-term response to TM treatment was evaluated by clonogenic assay. BRAF wt and BRAF V600E colon cancer cells were seeded at a density of 1.5x10 3 /60-mm tissue culture dish and treated with TM, CuSO 4 or both. Media were changed every 3-4 days. After 10 days of culture colonies were stained with crystal violet and then observed under an inverted microscope. Representative images are shown. The experiment was performed two times in duplicate. (c) TM treatment reduces bioluminescent emission from BRAF V600E compared to BRAF wt colon cancer cells expressing luciferase. Non-invasive bioluminescent analysis using D-luciferin as substrate performed on BRAF wt and BRAF V600E colon cancer cells engineered to express luciferase exposed to TM for 1 week. (d) TM treatment inhibits cells migration ability of BRAF V600E colon cancer cells. Scratch assay was performed on colon cancer HCT-116 (upper panel) and HT-29 cells (lower panel). A 1-mm wide scratch was performed on cells monolayer, then cells were treated with 1 µM TM. Cells migration and scratch closure was assessed every 24 hours. Left panels show representative images taken at different time points. The scratched area was determined using the ImageJ software, and the quantitative data are shown in the right panels as mean ± S.D. of three independent experiments. In all panels * denotes p < 0.05.
As a more quantitative approach to assess the effect of copper chelation on human colorectal carcinoma cells, we cultured luciferase expressing BRAF wt HCT-116 cells and BRAF V600E HT-29 cells in the presence of 1 µM TM for a week and then performed a quantitative bioluminescence analysis. Efficient light emission results from luciferase-mediated oxidation of D-luciferin which requires Mg 2+ and ATP, both provided by the cellular metabolism. Consequently, only living cells expressing luciferase are able to produce a signal detectable by bioluminescence imaging (BLI). Therefore, in this experimental setting, quantification of light emission can be considered a cell vitality assay surrogate. Compared to the corresponding cells cultured in complete medium without any supplementation, light produced by BRAF wt cells after 1 week of culture in presence of 1 µM TM was slightly reduced, while emission in BRAF V600E cells cultured in the same conditions were approximately 30% of the control (p < 0.05) ( Figure 1c) . As for the experiment described in Figure 1c , the anti-proliferative effect of TM treatment in BRAF V600E cells was recovered by cupric sulfate supplementation, while supplementation with CuSO 4 alone did alter BLI imaging significantly.
In addition, we used BLI as a surrogate indication for determining the effect of TM treatment on copper cellular content. To this extent we used the Copper-Caged Luciferin-1 (CCL-1), a bioluminescent reporter synthesized for in vivo copper visualization by bioluminescence [16] . In both luciferase expressing BRAF wt HCT-116 cells and BRAF V600E HT-29 cells, treatment with TM induced a significant reduction on bioluminescence, compared to relative cells cultured in medium not supplemented with TM. BLI analysis performed on cells cultured in the same conditions and incubated with firefly luciferase did not show any significant difference. This result suggests that TM supplementation results in a similar reduction of cellular copper content in both BRAF wt and BRAF V600E colon cancer cells.
To gain further insights into the in vitro effect of copper chelation treatment on colon cancer cells with a different status in BRAF, we performed a scratch assay [17] to evaluate the effect of pharmacological copper chelation on disrupted monolayers of HCT-116 and HT-29 cell lines. The assay was performed in low serum concentration (serum starvation) to minimize the effect of cell proliferation. As shown in Figure 1d , both cell lines were able to migrate through the scratched area. However, while BRAF wt HCT-116 cells treated with TM required a shorter time to close the wound compared to the corresponding untreated points (Figure 1d , upper panel), scratch healing was significantly inhibited in BRAF V600E HT-29 cell lines under the same treatment (Figure 1d , lower panel), thus suggesting that upon copper chelation BRAF V600E colon cancer cell migration ability is reduced.
Collectively, these data support the hypothesis that the effects of pharmacological copper chelation on colon cancer cell lines are cell context dependent; in particular, copper depletion results in a reduction of both cell proliferation rate and migration ability in BRAF V600E HT-29 mutant colon cancer cells, while the same treatment on BRAF wt HCT-116 colon cancer cells does not have a detrimental effect on proliferation.
Copper Modulation Differentially Affects Phosphorylation of ERK1/2 in BRAF wt and BRAF V600E Colon Cancer Cells Lines
BRAF V600E is referred to as class I mutant [4] , a group of BRAF mutations giving rise to stronger activation of BRAF kinase activity and constitutive activation of the MAPK pathway compared to the wild type counterpart [5] . Intriguingly, MEK1 phosphorylation of ERK1/2 is enhanced by copper availability [9] . As a result, BRAF V600E -driven signaling and tumorigenesis are reduced either by MEK1 mutations which disrupt Cu binding or decreased cellular copper uptake [10] . In the light of these considerations, we assayed the ability of TM treatment to influence signal transduction through the Raf1/MEK/ERK pathway in colon cancer cells bearing different status of BRAF. In particular, by immunoblot analysis we examined the phosphorylation status of ERK1/2, the mitogen-activated protein kinases involved in the signal transduction cascade that leads to cell proliferation, in cells treated with TM. The level of phosphorylated ERK1/2 kinases in BRAF V600E colon cancer HT-29 cells decreased significantly during incubation with TM ( Figure 2a ). Moreover, a slight reduction of total ERK proteins was also determined in the same cell line. In contrast, no reduction was observed under copper chelation treatment in BRAF wt cells (Figure 2a) . Conversely, copper supplementation in HT-29 cells treated with TM rescued the pERK1/2 decrease observed upon TM treatment alone, while a further increase in the phosphorylation level of ERK1/2 was observed in HCT-116 cells (Figure 2b ). We further investigated the role of cellular copper content in BRAF V600E driven tumorigenesis by reducing the Cu influx through knockdown of the high-affinity Cu-transporter CRT1 (Figure 2c ). In accordance with the effects observed upon pharmacological copper chelation by TM, CRT1 silencing could also affect MAPK pathway activation. The BRAF V600E cells with reduced expression of CRT1 exhibited reduced phosphorylation of ERK1/2 (P-ERK1/2), while robust activation was induced in HCT-116 cells under the same experimental conditions. Thus, BRAF V600E requires the copper transport function of CTR1 for increased signaling and tumorigenesis.
hours the WST-1 cell proliferation assay was performed. Results are reported as means ± S.D. of three independent experiments. (b) TM treatment affects clonogenic ability of BRAF V600E colon cancer cells. Long-term response to TM treatment was evaluated by clonogenic assay. BRAF wt and BRAF V600E colon cancer cells were seeded at a density of 1.5x10 3 /60-mm tissue culture dish and treated with TM, CuSO4 or both. Media were changed every 3-4 days. After 10 days of culture colonies were stained with crystal violet and then observed under an inverted microscope. Representative images are shown. Immunoblot analysis was performed on cell lysates to assess the phosphorylation state of ERK1/2. Densitometry was performed using ImageJ software. Relative values of pERK1/2 band intensities of TM-treated points were normalized to the corresponding total protein form (ERK1/2) and to GAPDH (loading control) and finally quantified with respect to untreated control, arbitrarily set to 1.0. (b) Copper sulfate treatment rescues pERK decrease in BRAF wt colon cancer cells upon TM treatment. BRAF wt and BRAF V600E were treated either with TM (1 µM), with CuSO4 (50 µM) or with a combination of both. After 72 hours of treatment cells were collected to assess the phosphorylation state of ERK1/2 by immunoblot using specific anti-ERK1/2 (phosphorylated and total form) and anti-GAPDH antibodies. (c) Knockdown of CTR1, as pharmacological copper depletion with TM, decreases MAPK signaling in BRAF mutant colon cancer cell lines. CRT1 silencing by small interfering RNA was performed and 48 hours later cells were harvested to assess the phosphorylation state of ERK1/2 by immunoblot.
Copper Chelation Differently Affects E-Cadherin Expression in BRAF wt and BRAF V600E Colon Cancer Cell Lines
Modulation of the adhesion protein E-cadherin has been associated to the progression of various epithelial tumors. To assess whether copper chelation could affect E-cadherin expression in BRAF V600E mutant cells and in their wild type counterpart, HT-29 and HCT-116 colon cancer cell lines were treated with TM (1 µM), the same concentration at which we observed pERK1/2 modulation. After 72 hours, TM significantly decreased the expression of E-cadherin in HCT-116 cells whereas an increase was observed in HT-29 cells (Figure 3 ), thus suggesting that the increased proliferation rate of HCT-116 cells treated with TM could be associated with a more aggressive tumor phenotype and increased tumor cell invasiveness. Conversely, no changes were revealed on the expression of the adhesion molecule β-catenin in both cell lines. 
Modulation of the adhesion protein E-cadherin has been associated to the progression of various epithelial tumors. To assess whether copper chelation could affect E-cadherin expression in BRAF V600E mutant cells and in their wild type counterpart, HT-29 and HCT-116 colon cancer cell lines were treated with TM (1 µM), the same concentration at which we observed pERK1/2 modulation. After 72 hours, TM significantly decreased the expression of E-cadherin in HCT-116 cells whereas an increase was observed in HT-29 cells (Figure 3 ), thus suggesting that the increased proliferation rate of HCT-116 cells treated with TM could be associated with a more aggressive tumor phenotype and increased tumor cell invasiveness. Conversely, no changes were revealed on the expression of the adhesion molecule β-catenin in both cell lines. Cancers 2019, 10, x 6 of 16 HCT-116 and HT-29 were treated with TM (1 µM) for 72 hours and then collected to evaluate specific anti-E-cadherin and β-catenin expression by immunoblot. Anti-GAPDH was used as loading control. Densitometry was performed using ImageJ software.
Copper Modulation Differentially Affects Proliferation of BRAF wt and BRAF V600E Colon Cancer Cells in a Three-Dimensional Tumor Spheroid Model
In order to better characterize the effect of copper depletion on colon cancer cells bearing wild type or mutant BRAF, we performed a three-dimensional (3D) culture spheroid proliferation assay [18] . Spheroids are three-dimensional structures composed of cancer cells aggregated in vitro which can mimic tumor behavior more effectively than conventional two-dimensional (2D) cell cultures because of their mixed composition [19] . They can in fact contain both surface-exposed and deeply buried cells, proliferating and quiescent cells, well-oxygenated and hypoxic cells [20] , thus better recapitulating the in vivo tissue microenvironment. To achieve this aim, HCT-116 and HT-29 colon cancer cells were seeded in ultra-low attachment cell culture dish; then spheroids were embedded into Matrigel and subsequently treated with TM. Spheroids proliferation derived from both cell lines was recorded acquiring images every 24 hours. The volume of the spheroids treated with TM was compared to the volume of spheroids cultured in control medium (Figure 4 ). TM treatment induced differential effects on the proliferation rate: in BRAF wt HCT-116 cells copper chelation induced a higher proliferation rate compared to the corresponding untreated point, whereas HT-29 BRAF V600E cells treated with TM proliferated less than untreated cells. The results obtained with the 3D spheroid tumor model are in agreement with the data obtained by (2D) culture assay, clearly showing that copper depletion negatively impacts on BRAF V600E colon cancer cell proliferation. HCT-116 and HT-29 were treated with TM (1 µM) for 72 hours and then collected to evaluate specific anti-E-cadherin and β-catenin expression by immunoblot. Anti-GAPDH was used as loading control. Densitometry was performed using ImageJ software.
In order to better characterize the effect of copper depletion on colon cancer cells bearing wild type or mutant BRAF, we performed a three-dimensional (3D) culture spheroid proliferation assay [18] . Spheroids are three-dimensional structures composed of cancer cells aggregated in vitro which can mimic tumor behavior more effectively than conventional two-dimensional (2D) cell cultures because of their mixed composition [19] . They can in fact contain both surface-exposed and deeply buried cells, proliferating and quiescent cells, well-oxygenated and hypoxic cells [20] , thus better recapitulating the in vivo tissue microenvironment. To achieve this aim, HCT-116 and HT-29 colon cancer cells were seeded in ultra-low attachment cell culture dish; then spheroids were embedded into Matrigel and subsequently treated with TM. Spheroids proliferation derived from both cell lines was recorded acquiring images every 24 hours. The volume of the spheroids treated with TM was compared to the volume of spheroids cultured in control medium (Figure 4 ). TM treatment induced differential effects on the proliferation rate: in BRAF wt HCT-116 cells copper chelation induced a higher proliferation rate compared to the corresponding untreated point, whereas HT-29 BRAF V600E cells treated with TM proliferated less than untreated cells. The results obtained with the 3D spheroid tumor model are in agreement with the data obtained by (2D) culture assay, clearly showing that copper depletion negatively impacts on BRAF V600E colon cancer cell proliferation.
compared to the volume of spheroids cultured in control medium (Figure 4) . TM treatment induced differential effects on the proliferation rate: in BRAF wt HCT-116 cells copper chelation induced a higher proliferation rate compared to the corresponding untreated point, whereas HT-29 BRAF V600E cells treated with TM proliferated less than untreated cells. The results obtained with the 3D spheroid tumor model are in agreement with the data obtained by (2D) culture assay, clearly showing that copper depletion negatively impacts on BRAF V600E colon cancer cell proliferation. 
Copper Chelation Therapy Affects Human Tumor Growth in a Xenograft Model In Vivo
To validate in vivo the results obtained in vitro, we performed a pilot study to evaluate the effect of copper chelation therapy in a xenograft model of human tumor growth (Figure 5a ). Immunodeficient mice were randomly assigned to two experimental groups: the first group received ad libitum drinking water without any supplementation; the second group received drinking water supplemented with TM throughout the entire duration of the experiment [21] . The effect of TM treatment in reducing serum copper content was confirmed by the determination of copper in blood drawn from mice in both groups at different time points (Figure 5b ). Three weeks after the beginning of TM supplementation, BRAF wt (HCT-116) or BRAF V600E (HT-29) colon cancer cells stably expressing luciferase were mixed with Matrigel and subcutaneously injected into mice in each group. BLI analysis was performed 1 day after tumor cell inoculation, revealing a similar bioluminescence signal in correspondence of the site of injection in both groups. Then tumor progression was assessed weekly by caliper measurement and BLI imaging until tumor size reached the dimension requiring humane intervention. Bioluminescent signal intensity increased over the course of several weeks, correlating with increased caliper measurement in all experimental groups. Tumor progression was similar in animal receiving BRAF wt cells regardless of whether there was TM supplementation in the drinking water. Also, differences observed in dimension and BLI emission of tumors derived from inoculation of BRAF V600E cells in animals whether they were receiving TM supplementation or not failed to reach statistical significance (p = 0.083), although animals that received TM had decreased tumor size and BLI emission compared to controls 1 month after receiving HT-29 cells.
Tumor At necropsy, tumors were excised. The effect of systemic copper depletion on the phosphorylation state of ERK1/2 was determined by immunoblot analysis performed on tumor lysates. In agreement with the experiments performed on cultured cells in vitro, we also observed in tumor tissue derived from cells inoculated in vivo a similar reduction in the ratio of phospho/total At necropsy, tumors were excised. The effect of systemic copper depletion on the phosphorylation state of ERK1/2 was determined by immunoblot analysis performed on tumor lysates. In agreement with the experiments performed on cultured cells in vitro, we also observed in tumor tissue derived from cells inoculated in vivo a similar reduction in the ratio of phospho/total ERK1/2 in HT-29 TM treated specimens, whereas in HCT-116 this ratio was increased as in the in vitro assays (Figure 5c ).
Collectively these data confirm the use of TM treatment in reducing serum copper levels. However, in the current experimental setting no statistical significant difference was detectable amongst the different groups, suggesting that the copper chelation treatment does not affect the size of primary tumors deriving from both BRAF wt and BRAF V600E colorectal cells. Nonetheless, we were able to assess that TM supplementation resulted in modulation of ERK1/2 phosphorylation in tumor cells in a xenograft model of BRAF V600E -derived colorectal tumors.
Effect of TM Treatment on BRAF Inhibitor Resistant Cells
Inhibition of the BRAF oncoprotein by vemurafenib has been shown to be highly effective in BRAF V600E melanoma patients [22] ; in contrast, the same treatment has limited effect on BRAF V600E colon cancer patients due to intrinsic resistance against BRAF inhibitors [6, 23] . We investigated whether copper chelation in combination with chemotherapy could improve the therapeutic response to vemurafenib. To achieve this aim, we analyzed cell survival and proliferation rates in response to increasing doses of the vemurafenib structural analogue PLX4720 in both BRAF wt and BRAF V600E colon cancer cells. A BRAF V600E melanoma cell line, A-375, was used as an internal control to verify the efficiency of PLX4720 treatment. As expected PLX4720 treatment had no effect on cell proliferation in the BRAF wt colon cancer cell line HCT-116, a modest effect on BRAF V600E colon cancer cell line HT-29 at the highest tested dose, whereas it significantly impacted on survival of mutant BRAF V600E melanoma A-375 cells (Figure 6a ). We then tested the effect on cell proliferation of a combination therapy of PLX4720 and copper chelating agent TM. To this aim, HCT-116 and HT-29 colon cancer cell lines were challenged with 1 µM PLX4720 and 10 µM TM, alone or in combination (Figure 6b ). We observed that in HT-29 cell line, a combination treatment of TM and PLX4720 was able to induce a decrease in cell proliferation with respect to single treatments, suggesting that copper depletion might confer sensitivity to BRAF inhibition by PLX4720 in colon cancer cells bearing BRAF V600E .
combination therapy of PLX4720 and copper chelating agent TM. To this aim, HCT-116 and HT-29 colon cancer cell lines were challenged with 1 µM PLX4720 and 10 µM TM, alone or in combination (Figure 6b) . We observed that in HT-29 cell line, a combination treatment of TM and PLX4720 was able to induce a decrease in cell proliferation with respect to single treatments, suggesting that copper depletion might confer sensitivity to BRAF inhibition by PLX4720 in colon cancer cells bearing BRAF V600E . HCT-116 (BRAF wt ) and HT-29 (BRAF V600E ) were treated with PLX4720 1 µM or TM 10 µM alone or in combination. After 24 hours of treatment, cell survival was quantified using the WST-1 cell proliferation assay kit. c) TM treatment affects clonogenic ability of BRAF mutant colon cancer cells resistant to PLX4720. PLX4720-resistant colon cancer HT-29 cells were established by continuous exposure to step-wise increasing concentrations of PLX4720, from 0.1 µM to 4 µM, until the surviving cells reached 90% confluence. Response to combination treatment with PLX4720 and TM was evaluated by clonogenic assay in HT-29-PLX4720-resistant cells. The medium was changed every 3-4 days and after 10 days grown colonies were stained with crystal violet (c) and quantified by densitometric analysis (d). Results are reported as means ± standard deviation of three independent experiments. * p < 0.05.
In the attempt to overcome the occurrence of acquired resistance in mutant BRAF cells to PLX4720 monotherapy, we tested the effect of copper chelating agent TM on HT-29 cells resistant to PLX4720. Cells resistant to PLX4720 were established as previously described [23] and clonogenic assay was performed. As shown in Figure 6c , the reduced clonogenic cell survival of HT-29 cells upon PLX4720 treatment was markedly improved by copper chelation, compared to cells treated by PLX4720 alone, as confirmed by densitometric analyses of clonogenic assays (Figure 6d ). These findings reveal a potential additive effect of copper depletion and BRAF inhibition, thus suggesting that copper chelation therapy combined with pharmacological treatment with PLX4720 would provide a better therapeutic response in BRAF V600E mutant colorectal cancer cells, which were otherwise unresponsive to vemurafenib or its analogue compounds treatments.
Discussion
Repurposing or repositioning copper chelating agents for cancer therapy is gaining increasing attention [24] [25] [26] . Copper, either acting through direct or indirect mechanisms, influences cancer progression, metastasis and induction of resistance to current therapies [12, 13] . In particular, copper is an important angiogenic cofactor [14, 27] ; as a redox-active metal, copper can induce alterations in the redox status of cancer cells [28] and act as a tumor promoter [29] ; copper depletion induces proteasome inhibition and apoptosis in cancer cells [30] ; moreover, copper may promote tumorigenesis via activation of the oncogenic MAPK pathway [10] .
The role of copper in the modulation of BRAF signaling is particularly relevant in colon cancer [31] . The BRAF V600E mutation, which renders BRAF constitutively active with a 500-fold increase in kinase activity compared to wild-type BRAF [5] , represents approximately 90% of all BRAF mutations observed in colon cancer patients. Treatment with BRAF inhibitors is effective in approximately 50% of melanoma patients bearing the BRAF V600E mutation, providing a significant survival benefit, even if acquired resistance can occur. In contrast, 95% of BRAF V600E mutant colon cancer patients do not respond to BRAF inhibition monotherapy [4, 32] . Thus, a critical unmet need exists for alternative strategies to repress MAPK activity in BRAF V600E colorectal cancer patients [8] . It has been estimated that colon cancer cells accumulate up to seven fold higher copper levels than normal colon cells [33] . Moreover, levels of serum copper [34] and ceruloplasmin, which binds approximately 95% of the copper in the plasma [35] , are significantly increased in patients with colorectal cancer compared to healthy controls. Increment in serum copper levels may be detected several years before cancer diagnosis [36] and correlates with tumor progression [37] . In addition, transcriptome analysis in colorectal cancer samples and cell lines revealed a marked upregulation of the specific primary copper transporter CTR1 and altered expression of other genes correlated to copper homeostasis [38] . Consequently, copper chelation therapy may selectively target cancer cells, having little or no toxicity on normal cells [28] .
Copper chelating drugs have been evaluated in cancer therapy on the account of their anti-angiogenic properties [13, [39] [40] [41] . In particular, tetrathiomolybdate (TM), a widely available drug developed for the treatment of Wilson's disease, has been used as either an adjuvant or as primary therapy in several clinical trials for metastatic cancers such as breast [42, 43] , colorectal [44] , kidney [45] , prostate [46] , lung [47] , and esophageal cancers [48] . Collectively, these trials proved that TM treatment is well tolerated, with no apparent toxicity [49, 50] . Overall, TM therapy, albeit while minimally affecting the primary tumor size, seems to prevent further tumor growth and metastatic spreading [27] .
The discovery of the involvement of copper in stimulating the RAS-RAF-MEK-ERK (MAPK) signaling pathway has provided the bases for the use of chelating therapy in a subset of tumors characterized by BRAF activating mutations [51] . Specifically, copper binding to MEK1/2 allosterically promotes the kinase activity of MEK1/2 on ERK1/2 [10] . Copper depletion can reduce human melanoma BRAF V600E cells growth [10, 52] . Accordingly, our results indicate that copper chelation by TM treatment has a cytostatic effect also on proliferation of colorectal cancer cells bearing the BRAF V600E mutation via inhibition of the MAPK cascade. In particular, we provide evidence obtained using different approaches such as 2D and 3D in vitro tumor growth and preliminary results in an in vivo xenograft model of colon cancer. In particular, we show that copper modulation differentially affects proliferation, survival and migration of colon cancer in HT-29 cells compared to HCT-116 BRAF wt cells acting via differential phosphorylation levels of ERK1/2. Colorectal cancers cells used in the study have a different mutation status in several critical genes involved in colorectal cancer in addition to BRAF (HCT-116 wt; HT-29 V600E) including TP53 (HCT-116 wt; HT-29 mutation R273H), KRAS (HCT-116 mutation G13D; HT-29 wt), PIK3CA (HCT-116 H1047R; HT-29 wt) [53] . Based on literature data [10, 52] we assume that BRAF V600E mutation may play a key role in the effects we observed, but due to the complexity of the differences of the mutational spectrum, other concomitant causes cannot be excluded. We also observed that TM treatment is effective in reducing clonogenic growth of colon cancer HT-29 BRAF V600E cells resistant to BRAF pharmacological inhibition. Interestingly, copper plays a central role in drug resistance [11, 54] . In particular, colorectal cancer patients responding and not responding to chemotherapy have respectively 110% and 171% more serum copper than healthy controls. Different mechanisms of resistance have been described, but reactivation of MEK signaling is considered to be a major determinant in the development of resistance to BRAF [55] . A combination of BRAF and MEK1/2 inhibition can overcome acquired resistance with improved response rates and patient progression-free survival in melanoma BRAF V600E patients compared to BRAF monotherapy [56] . In addition, it has been previously suggested that TM treatment counters MAPK-dependent forms of resistance and improves the durability of the response to MAPK inhibitors in melanoma cells [52] . Our data suggest that TM treatment might also be effective on colon cancer BRAF V600E cells which are resistant to BRAF pharmacological inhibition.
In conclusion, copper chelation therapy, which has been used for Wilson's disease and for the management of metastatic cancers and suggested for the treatment of BRAF V600E melanomas [51, 52] , can possibly be proposed as adjuvant therapy in BRAF V600E colon cancer patients.
Materials and Methods

Cell Lines
Human colorectal carcinoma cell lines HCT 116 (ATCC CCL-347), HT-29 (ATCC HTB-38), firefly luciferase expressing HCT 116-luc (Caliper Life Sciences, Inc., Hopkinton, MA, USA) and HT-29-luc (Caliper Life Sciences) were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin solution (50 U/mL penicillin and 50 µg/mL streptomycin), in a humidified atmosphere of 95% air and 5% CO 2 at 37 • C. HCT-116 cells are characterized by the presence of wild type BRAF (BRAF wt ), whereas HT-29 cells are heterozygous for the BRAF V600E mutation [3, 57] . Human melanoma cell line A-375 homozygous for BRAF V600E (ATCC CRL-1619) were cultured according to the American Type Cell Collection specifications [58] . Information on the cell lines used in the study, including mutation analysis, has been reported in Catalogue of Somatic Mutations in Cancer (COSMIC)-Cell Line Project [59] [60] [61] .
Induction of BRAF Inhibition Resistance
Human colorectal carcinoma cells resistant to the BRAF inhibitor PLX4720 were established as previously described [23] . Briefly, HT-29 cells were continuously treated with step-wise increasing concentrations of PLX4720 (Selleck Chemicals, Houston, TX, USA), from 0.1 µM to 4.0 µM, until the surviving cells reached 90% confluence. Then, one resistant PLX4720-resistant HT-29 clone was isolated.
Small Interfering RNA Transfection Procedure
Small interfering-mediated knockdown into human colorectal carcinoma cell lines of the high affinity copper uptake protein 1 (CRT1) was achieved by siRNA transfection of sequences specifically targeting CRT1 as previously described [10] . HCT-116 and HT-29 cell lines were seeded into a 60-mm tissue culture dish at a density of 1.5 x 10 5 and then transfected using the Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA), according to the manufacturer's instructions. HCT-116 and HT-29 CTR1-silenced cells were harvested 48 hours after transfection.
In vitro Treatments and Cell Proliferation Assay
Human colorectal carcinoma cell culture medium was supplemented with the highly specific copper chelator ammonium tetrathiomolybdate (TM) (Sigma-Aldrich, St. Louis, MO, USA) (final concentration range: 0.01-10 µM) or cupric sulfate (CuSO 4 ) (BDH Chemicals, Poole, UK) (final concentration range: 25-200 µM). Cell proliferation after treatment was measured using the WST-1 cell proliferation assay kit (Takara, Clontech, Mountain View, CA, USA), according to the manufacturer's instructions. The optical density at 450 nm was assessed using a microplate reader (BioRad Laboratories Inc. Hercules, CA, USA). All experiments were performed at least two times in duplicate, and the relative cell viability (%) was expressed as a percentage relative to the untreated control cells.
Colony Formation Assay
Cells were plated at a density of 5.0 × 10 3 /60-mm tissue culture dish and then cultured in a humidified CO 2 incubator (5% CO 2 /95% air) at 37 • C. Cells were then treated as reported, with TM, CuSO 4 or PLX4720, with medium replenished every 3-4 days. After 10 days of culture, cells were stained with crystal violet solution (0.25% crystal violet, 10% formaldehyde, 80% methanol) and observed under an inverted microscope or analyzed by densitometry with ImageJ software [62] . Experiments were performed in duplicate and repeated twice.
In vitro Scratch Assay
Cellular migration was assessed by an in vitro scratch wound healing assay [17] . HCT-116 and HT-29 cells were seeded in six-well plates and incubated until they were 90% confluent. Cell monolayers were scratched using a pipette tip to produce an approximately 1-mm wide scratch; cells were then washed with PBS to remove cellular debris. Subsequently, cells were incubated in serum-free medium or in serum-free medium supplemented with TM (1 µM). Immediately after the scratch and for the three consecutive days, images were captured with a Zeiss Axiocam digital camera on a Zeiss Axioskop microscope equipped with a 20× objective (Carl Zeiss, Oberkochen, Germany). The distances between the scratch edges were measured by analysis of the digital images using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). The experiments were performed in duplicate.
Immunoblotting
For Western Blot analysis, cells (1.5 × 10 5 cells/60 mm dishes) were treated with TM or CuSO 4 and then washed in PBS, harvested by scraping and lysed in 1x RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% SDS, 50 mM Tris/HCl, pH 8.0, and 20 mM EDTA) supplemented with 1× complete protease inhibitor cocktail (Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), 50 mM sodium fluoride (Sigma), and 50 mM dithiothreitol (Bio-Rad, Hercules, CA, USA). Protein lysates (30 µg/lane) were analyzed on a 10% SDS-polyacrylamide gel. Immunoblot analysis was performed according to established protocols and filters were immuno-reacted with the following antibodies: rabbit polyclonal anti-p44/42 MAPK (Erk1/2); rabbit polyclonal anti-p44/42 MAPK (Erk1/2) (Thr202/Tyr204); rabbit monoclonal anti-E Cadherin; rabbit monoclonal anti-β Catenin (Cell Signaling Technology, Danvers, MA, USA). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as a protein loading control. Secondary HRP-conjugated anti-mouse or anti-rabbit (Bio-Rad) antibodies were used. Detection of immuno-reactions was performed by ECL kit (Amersham Biosciences, Glattbrugg, Switzerland). Densitometry analysis was performed using the ImageJ software.
Experimental Animal Procedures
The Regina Elena National Cancer Institute Animal Care and Use Committee reviewed the procedures involving mice according to the Guidelines of the National Institutes of Health and current National legislation (D.lgs 26/2014, 4 March 2014) [63] .
The animals used in the study were 6-8 weeks old male nu/nu athymic nude mice (Charles River, Calco, Italy) housed in individual ventilated cages in a facility with constant temperature and a 12 hours light cycle. Mice were fed a standard diet (Mucedola, Settimo Milanese, Italy) with copper content of 6 mg/kg. Mice were randomly assigned to 2 experimental groups of 4 animals each: the first group received drinking water without any supplementation; in the second group TM (0.02 mg/mL) was administered in the drinking water that was prepared fresh twice a week. Treatments began 3 weeks before tumor cells implantation [65] .
Colorectal carcinoma cells expressing luciferase (0.5 × 10 6 cells/mouse) mixed with Matrigel (Becton Dickinson, Franklin Lakes, NJ, USA) were implanted subcutaneously into the dorsal region of the animals. Heterotopic tumor formation was assessed using a caliper once a week and tumor volumes (TV) were estimated by the formula: TV=a × (b 2 )/2, where a is the tumor larger diameter (length) and b the corresponding perpendicular diameter (width). Blood was collected by retro orbital bleeding and serum copper content was evaluated at different timepoints during the procedure using the Copper Assay Kit (Sigma-Aldrich), according to the manufacturer's protocol. At necropsy, tumor samples were harvested and lysed for Western blot analysis.
Optical Bioluminescence Imaging
In addition to caliper assessment, tumor progression was followed also by in vivo bioluminescence imaging (BLI) analysis performed once a week using the IVIS Lumina II equipped with the Living Image software for data quantification (PerkinElmer, Waltham, MA, USA), as previously described [66] .
3D Tumor Spheroids Invasion Assay
To generate 3D spheroids [18] , HCT-116 and HT-29 colon cancer cells were diluted to obtain a cell density of 1.0 × 10 4 /mL or 0.5 × 10 4 /mL, respectively, then 200 µL/well were seeded into ultra-low attachment cell culture dish (96 well). Four days after seeding, spheroids (approximate size 300-500 µm) were formed and then embedded into Matrigel. To this aim, 100 µL of growth medium were removed and replaced with 100 µL of Matrigel on maintained on ice, then incubated at 37 • C to allow the Matrigel to solidify. After 1 hour, 100 µL of fresh medium were added and spheroids were then treated with TM for the indicated duration. Spheroids proliferation was followed with images captured every 24 hours. Spheroid volume was estimated by the formula: V = a × (b 2 )/2, where a and b are spheroid length and width, respectively.
Bioluminescence Analysis Using Copper Caged-Luciferin-1
Copper content of HCT-116 and HT-29 cells maintained in different experimental conditions, supplemented with TM or CuSO 4 was further assessed by in vivo bioluminescence imaging using a specific Copper-Caged-Luciferin-1 (CCL-1) kindly provided by C.J. Chang [16] . Briefly, HCT-116 and HT-29 cells (2.5 × 10 3 cells/96 multi well dishes) were supplemented with TM at different doses (5 or 50 µM) for 24 hours. Then the medium was removed and 100 µL of CCL-1 (75 µM) were added into the dishes. As control a parallel set of cells were incubated with firefly luciferase. The plates were imaged with the IVIS Lumina II equipped with the Living Image software as previously described, and the data was analyzed and quantified [67] .
Statistical Analyses
Comparison between groups was performed using the INSTAT software (GraphPad, San Diego, CA, USA) using a two-tailed Student t test for unpaired data; the statistical significance level was set at p ≤ 0.05.
Conclusions
Copper chelation reduces proliferation, survival and migration of human colon cancer cells bearing the BRAF V600E mutation compared to BRAF wt cells, acting through inhibition of MEK1/2. Furthermore, in combination with the administration of BRAF inhibitors, copper chelation treatment results in a better therapeutic response in BRAF-mutant cells otherwise unresponsive to vemurafenib alone. These results support the potential use of copper chelation therapy in BRAF V600E -mutant colorectal cancers. 
